Exactly one hundred years ago, workers and engineers at the small town of Oppau near Ludwigshafen, Germany, were busy constructing a new factory that would start a more drastic change to global biogeochemistry than any other human intervention before or since. Towards the end of 9, the chemicals company BASF had commissioned Carl Bosch to build the first industrial scale ammonia plant based on the procedure that Fritz Haber had developed in the lab at the beginning of the century, and which Bosch had managed to turn into a working technology in spite of severe doubts surrounding the feasibility of the high-pressure, high-temperature synthesis. The plant was designed to produce 30 tonnes of ammonia per day, and it duly started production in the spring of 94.
Fifteen years earlier, the British Association's president William Crookes had startled the world with his prophecy of global starvation due to the limits of agricultural production. Thanks to the nitrogen fertiliser produced with the Haber-Bosch process, the world could avoid this predicted apocalypsethough the process also served the production of explosives used in a different kind of apocalypse. Today, human activities produce more reactive nitrogen than natural processes, and around half the nitrogen found in the proteins and nucleic acids of the seven billion people alive today comes out of a Haber-Bosch plant.
But will this massive human meddling with the nitrogen cycle, which even dwarfs the effects of industrialisation on the carbon cycle, including climate change, have any side effects that we may come to regret in the future? And do we even know what we're doing to our planet by doubling its nitrogen throughput?
Over the limit At the beginning of December last year, the Royal Society held a two-day discussion meeting dealing with the current knowledge and uncertainties over the nitrogen cycle, followed by a satellite meeting addressing possible implications for policy and society.
Speaking at the discussion meeting, Jan Willem Erisman from the Energy Research Center of the Netherlands at Petten warned that the human impact on the global nitrogen cycle has already exceeded the limit of the planet's capacity by a factor of four, based on the assessment of Johan Rockström et al. (Nature (2009), 461, 472-475) . "The Planetary boundary concept was introduced to estimate where boundaries are exceeded and where action is needed. For nitrogen the preliminary estimates show that Feature with current food and energy needs and lifestyles the boundary is far exceeded," says Erisman. Compared to other global problems, the effect is comparable to biodiversity loss and exceeds the scale of climate change and ocean acidification, which are also affected by nitrogen imbalances.
It is still difficult to assess all the effects of the massive amounts of nitrogen that we have added to the cycle in the past 00 years, says Erisman, because the reactive nitrogen takes on several chemically distinct forms that cascade through various planetary systems, ranging from the oceans through to the stratosphere. Effects also span from the shortterm and regional (NO x emissions contributing to smog) to the global and long-term. Nitrous oxide, for instance, can contribute to both climate change and ozone depletion in the stratosphere.
The global nitrogen cycle spins faster and faster, as mankind releases more reactive nitrogen into the environment than natural processes do. Can nature keep up, or is this another global disaster following in the footsteps of the carbon dioxide problem? Michael Gross investigates.
We need to talk about nitrogen
In clover: Trifolium species are among the leguminous plants that can assimilate nitrogen from the air thanks to symbiotic bacteria in their root nodules. In traditional agriculture, clover is used in crop rotation in order to replenish nitrogen in the soil. (Photo: Getty Images.) "The accumulation of reactive nitrogen, including both reduced and oxidised species, is a significant and growing issue for biodiversity in many parts of the world, especially in Asia," says Erisman. At least 62 hotspots or eco-regions, many of them in China or India, are under serious threat from nitrogen deposition.
Reactive nitrogen also affects the global climate, but while nitrous oxide (N 2 O) contributes to warming, the deposition of nitrogen compounds ultimately leads to cooling through several mechanisms, including nitrogen-containing aerosols. Current data suggest that the cooling may just outweigh the warming, which would of course be good news in the light of what's happening at the carbon front, but there are still large question marks attached to these results especially concerning the lifetime of nitrogen compounds and their long-term effects on climate change (J.W. Erisman et al., Curr. Opin. Environ. Sustain. (20), 3, .
Modelling nitrogen
Outside of living cells and biomolecules, nitrogen has a more complex chemistry than the carbon cycle, involving several oxidation states, and several molecular species in the gas phase as well as in liquids and solids. Thus, human effects on the nitrogen cycle cannot be summarised in a single figure analogous to the concentration of carbon dioxide in the atmosphere, which is a key figure in the appreciation of man-made climate change and ocean acidification.
Therefore, scientists need sophisticated computer models to even begin to understand what's happening to the nitrogen cycle at regional and global scales, and to extrapolate trends to the future. At the Royal Society discussion meeting, Lex Bouwman from Utrecht University (Netherlands) summarised analyses and models describing changes to the terrestrial nitrogen cycle during the 20 th century and extrapolating into the future under various scenarios.
Specifically, Bouwman looked at denitrification, a key process which oxidises nitrate and nitrite to molecular nitrogen via various intermediates including nitrous oxide (N 2 O). The process is mainly driven by soil microbes, but additional denitrification also occurs in manure storage systems, wastewater treatment plants, wetlands, and riparian zones, as well as in oxygen-depleted ocean water. A key question is whether natural denitrification in the soil can keep up with the man-made doubling of reactive nitrogen input, or whether it is lagging behind and allowing excess nitrates and nitrites to accumulate in the environment. An additional complexity of the issue is the fact that the gaseous intermediate N 2 O may be emitted into the atmosphere, where it can contribute to climate change and ozone depletion.
"The rates of both denitrification and N 2 O emissions have increased as a result of human intervention in the global nitrogen cycle," says Bouwman. Together with the increased input of reactive nitrogen, this adds up to an acceleration of the nitrogen cycle, which Bouwman expects to continue as a consequence of further population growth and economic development.
Although global soil denitrification has adapted to the changes somewhat and increased from 68 to 95 teragrams per year between 900 and 2000, it cannot quite keep up with the massive increase in nitrogen input. This change comprises a stronger Natural fertiliser: Until the advent of the Haber-Bosch synthesis 00 years ago, guano was the main source of nitrogen fertiliser, ensuring that reactive nitrogen ran in closed natural cycles. (Photo: Joan Thirlaway.) increase from agricultural soils and a loss of denitrification activity in areas under natural vegetation. Bouwman's analyses find that the global nitrogen budget surplus in soils (i.e. the input that isn't removed by harvest) has increased from 79 to 250 teragrams per year between 900 and 2000.
Extrapolating the development until 2050 under four different scenarios, Bouwman's group has found that this increase is likely to continue under the two scenarios characterised by a reactive approach to environmental problems, while drastic changes in agricultural management would be necessary to stop and reverse it, as exemplified in the two scenarios with a pro-active approach to environmental problems. "The latter scenarios portray a rapid increase in agricultural efficiency, better integration of animal manure in agricultural systems, particularly in industrialised countries, and recycling of human urine as a fertiliser," Bouwman explains.
If the nitrogen budget surplus in soils is allowed to increase further, reactive nitrogen will accumulate in surface and coastal waters, warns Bouwman, and stimulate plant growth, decomposition and burial. Such eutrophication may have several negative consequences, such as loss of biodiversity, harmful algal blooms, including toxic ones, and hypoxia.
Regional imbalances
While some participants in the nitrogen cycle, such as the N 2 O released into the atmosphere, are mobile on a global scale and contribute to global problems, the soil and freshwater nitrogen budget is more of a regional issue, as the anthropogenic changes and their environmental impacts can be different in different regions.
As the runoff from farmland into the freshwater system is a key aspect of the regional budget, Gilles Billen from the CNRS at Paris advocates analysis on the basis of watershed regions, i.e. the areas that drain into a given river basin. Billen's group has conducted detailed studies of the nitrogen budget in the Seine and Scheldt watersheds, and have compared these to work covering the Mississippi, Ebro, and Hong rivers.
In order to characterise the nitrogen balance of individual watersheds, Billen's group introduced the concept of anthropogenic nitrogen autotrophy and heterotrophy. When the territory produces more food and feed (expressed in terms of fixed nitrogen) than it requires to sustain its population and livestock, it is described as autotroph, while in the reverse case it is described as heterotroph (i.e. it has to import fixed nitrogen to feed the inhabitants).
Furthermore, the researchers compared the anthropogenic nitrogen input with the amount of nitrogen fixed naturally and identified those watersheds where the anthropogenic input equals or exceeds natural production. "Watersheds that pass this symbolic threshold only cover 43% of the continental area, but they account for 84% of the global man-made output of reactive nitrogen," Billen explains. Many of these regions are also imbalanced in terms of the autotrophy/ heterotrophy assessment, Billen says.
Analysis of the five river basins studied in detail shows that over the last 50 years, the Seine and Mississippi basins have become more autotrophic (self sufficient or exporting in terms of nitrogen in food and feed, helped by intensive farming and synthetic fertiliser), while the Ebro and Scheldt basins have become more heterotrophic, reflecting their specialisation in animal farming supported by feed imports from distant areas.
"The challenge of providing to all humans on the planet the diet they desire will undoubtedly require more directly reconnecting crop production and livestock farming and localising agricultural production and consumption," Billen concludes. "The idea that solving the problems of our hungry planet by further intensifying agriculture in the most productive regions of the world and by developing commercial trade of agricultural products should be considered with great caution," he warns.
Oceanic uncertainties
Nitrates and nitrites that escape the denitrification processes in the soils and wetlands will eventually end up in the coastal waters of the oceans, so it is important to understand what effects they may have there.
Maren Voss from the Leibniz Institute of Baltic Sea Research at Warnemünde, Germany, reported new findings regarding the oceanic nitrogen budget at the Royal Society meeting, but also emphasized remaining uncertainties over crucial processes surrounding the marine biogeochemistry of nitrogen compounds.
Denitrification in the oceans is strongly regulated by oxygen concentrations and also intertwined with the cycling of other elements, including carbon and phosphorus, implying that human alterations Reactive nitrogen: Synthetic nitrogen fertilisers are used on such a massive scale now that human input of reactive nitrogen matches the amount of natural nitrogen fixation, thus doubling the amount of nitrogen compounds that nature has to cope with. (Photo: USDA.) of the nitrogen cycling has major consequences for other biogeochemical processes and ecosystem functions and services, Voss says.
Recent research has uncovered an apparent imbalance in the nitrogen budget of the oceans, which isn't completely understood yet and may point to additional processes that remain to be discovered. The traditional view that bacterial denitrification is the only significant process removing oxidised nitrogen species from the oceans had to be revised after the discovery of anammox (anaerobic ammonia oxidation) and of denitrifying eukaryotes in tropical waters. Similarly, recent discoveries have also broadened the range of organisms involved in nitrogen fixation in the oceans.
Climate change is closely linked to the marine nitrogen balance, as changes in water temperature and the distribution of dissolved gases are likely to perturb the natural cycles. Conversely, the oceans are a major emitter of N 2 O, accounting for around 30% of the global balance of this compound, which acts as a strong greenhouse gas in the troposphere.
Oxygen-deficient zones in the oceans are of particular interest for the nitrogen balance, because only they can produce a net depletion of reactive nitrogen species. Stoichiometric calculations predict that complete anaerobic removal of organic matter of typical composition should lead to 7% of nitrogen being removed by denitrification and 29% by anammox. However, several studies in such zones in the Arabian Sea have found either much smaller proportions of denitrification or none at all. "There are several alternative explanations for this apparent deviation from theory, but as yet there is no consensus on this issue," says Voss.
"There are still major uncertainties in our understanding of the oceanic cycling of nitrogen," Voss concludes. These affect important issues such as the imbalances in nitrogen input and removal and their effects on ecosystems and biodiversity as well as the release of N 2 O and the mutual influences between the nitrogen cycle and climate change. In short, we are upsetting a system that we are only beginning to understand.
Most of the excess nitrogen from agriculture ends up in coastal waters and has to be denitrified there. "Up to now it seems that the human load is largely removed," says Voss.
"However, when they turn anoxic -a phenomenon often observed along eutrophied coasts -this service of the system may be lost. In a consequence we would upload all the reactive nitrogen to the marine system."
Towards better management
At the satellite meeting on policy implications, experts attempted to tie up all the very diverse effects of human activity on the global and regional nitrogen cycles into a report with policy recommendations, which they aim to release in time for the Planet Under Pressure meeting in March.
"In essence it will call for a global approach to manage nitrogen that recognizes both its critical role in world food security and its polluting effects on air, land and water, from local to global scales," says Mark Sutton from the Centre for Ecology and Hydrology at Edinburgh, who co-organised both meetings. "Finding agreement on better management of nitrogen in agriculture is a key challenge, especially as the global market for crop and animal products is often cited as a reason for not investing in clean nitrogen technologies."
Policy recommendations are also included in the European Nitrogen Assessment, edited by Sutton, Billen, Erisman and others (available as a book or as PDF files from http://www. nine-esf.org/ENA-Book). The document lists five key threats relevant in Europe, namely to water quality, air quality, greenhouse balance, ecosystems and biodiversity, and soil quality. It also recommends seven actions to change policies and management practices in agriculture (improving nitrogen use efficiency in crop production and in animal production, and increasing nitrogen value of manure) transport and industry (reducing emissions), wastewater treatment (recycling nitrogen from wastewater systems) and consumption patterns (energy and transport saving and reducing the consumption of animal protein).
The fact that the complexity of the issue even exceeds climate change, which has already proven a hard sale at the policy front, appears to be the biggest hurdle. As Jan Willem Erisman put it: "We might consider a nitrogen equivalent of the 2 degrees threshold."
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk Evolutionary biology has lost one of its most influential and provocative practitioners. Lynn Margulis, Distinguished Professor at the University of Massachusetts Amherst, died on November 22nd 20 at the age of 73. Margulis made a career advancing knowledge and theory in the field of cellular evolution, in particular the notion that eukaryotic cells -complex nucleus-containing cells such as our own -evolved as a result of symbiotic mergers between once free-living bacteria. She will be remembered as a gifted and giving teacher, an indefatigable champion of endosymbiotic theory, a staunch advocate of Lovelock's Gaia hypothesis and an all-round skeptic of mainstream science.
